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• exchange interaction is dominant, however dual ferromagnetic and antiferromagnetic interactions are observed for pairings with other pathways. These interactions can be understood in terms of a combination of orbital degeneracy in the t2g channel and the Goodenough-KanamoriAnderson (GKA) rules. Our work suggests that such a hierarchy of exchange interactions exists in transition metal-based oxides with a t2g orbital degeneracy.
I. INTRODUCTION:
The combination of magnetic exchange and orbital degeneracy has provided the basis for a number of topics in condensed matter physics including metal-insulator transitions, high temperature superconductors, colossal magnetoresistance, [1] [2] [3] and more recently Kitaev interactions [4] [5] [6] . Rocksalt CoO was the first orbitally degenerate compound to have its magnetic structure investigated using neutron diffraction, [7] [8] [9] [10] but the underlying exchange interactions are still not known. Indeed, calculations and experiment have been hindered by the complex electronic and orbital ground state of Co 2+ . While e g mediated magnetic exchange has been well understood (for example in KCuF 3 11 ), the case of exchange involving degenerate t 2g orbitals has proven more difficult. 12 We investigate the magnetic exchange interactions in the case of a t 2g orbital degeneracy by performing neutron spectroscopy on MgO substituted with Co 2+ . We extract 7 exchange interactions and observe dual ferro and antiferromagnetic exchange interactions with comparable magnitudes. The dual exchange interactions is a direct result of the underlying t 2g orbital degeneracy of Co 2+ .
The starting point for understanding the spin-orbital Hamiltonian for paramagnetic Co 2+ ions is crystal field theory based on octahedral coordination 13, 14 ( Fig. 1 (a) for rocksalt CoO) [15] [16] [17] . As schematically shown in Fig. 1(b) , the octahedral crystal field (Ĥ CF ) splits the 5 degenerate d-orbitals ( 4 F ) such that the d 7 electronic structure consists of 5 electrons occupying the lower energy t 2g states and 2 electrons in the higher energy e g orbitals. This constitutes two orbital triplets ( 4 T 1,2 ) levels separated by 10Dq ∼ 900 meV 17 . The triplet degenerate 4 T 1 ground state can be approximated to have an effective orbital angular momentum of l = 1.
16-24
Applying spin-orbit coupling (defined byĤ S.O. =λ l · S, with S = 17 . In the presence of long range magnetic order (as exists in CoO at low temperatures), the total single-ion Hamiltonian for Co 2+ can then be summarized bŷ
whereĤ CF ,Ĥ S.O. andĤ M F are the octahedral crystal field, spin-orbit, and magnetic order induced molecular field. The effect of magnetic ordering on the three spin-orbit manifolds discussed above can be illustrated by considering a single dominant next nearest neighbor
where z 2 andŜ z denote the number of Co 2+ neighbors and the z-axis of the spin operator 15 . As illustrated in Fig. 1(c) , by considering only the predicted value of J 2 by Kanamori 16 in the mean field expression for H M F , a complex admixture of different molecular field split Co 2+ spin-orbit manifolds occurs in the presence of magnetic order [15] [16] [17] . The strong magnetic ordered induced mixing of multiple j eff manifolds in CoO is in contrast to many other Co 2+ based magnets that have both weak exchange and molecular fields and thus exhibit weak mixing 18, [26] [27] [28] . CoO is further complicated by the possibility of multiple long-range spin-spin interactions [29] [30] [31] [32] . The extraction of the multiple spin exchanges in CoO is thus experimentally very difficult despite the simplicity of its crystal structure 15, 17, 22, 23, 30, 31, [33] [34] [35] . We have extracted the magnetic exchange interactions on a rocksalt lattice by investigating weakly substituted Co 0.03 Mg 0.97 O using neutron scattering and through considering excitations from the dominant Co 2+ pair response. This paper is divided into four sections including this introduction. We first describe the experimental methods including materials preparation and characterization techniques where we conclude that our dilute sample can be described by a Co 2+ pair response. An expanded description of the characterization is given in the Supplementary Information illustrating the x-ray, susceptibility, and EDX data. 36 In section three, the theory required to extract both the exchange constant and also the distance associated with the interaction is outlined. We then show the experimental data used to derive the exchange interactions. We finally conclude with a discussion of the results including a comparison with thermodynamic data from pure CoO and also how we can understand the results in terms of the GKA rules.
II. EXPERIMENTAL DETAILS AND MATERIALS CHARACTERIZATION:
To extract individual J constants for Co 2+ , we have followed the pioneering work on dilute Mn 2+37,38 and Co 2+22 compounds and measured the dilute monoxide Co 0.03 Mg 0.97 O using inelastic neutron spectroscopy. The high magnetic dilution removes the problematic molecular field discussed above ( Fig. 1(c) ) and suppresses the mixing between j ef f manifolds allowing us to consider a dominant response for Co 2+ pairs. Probabilistic arguments can be used to illustrate this and is based on the observation that for a given random distribution of Energy dispersive x-ray analysis: As a final direct confirmation of the concentration of Co 2+ in our sample we performed energy dispersive x-ray measurements. Elemental analysis was performed using scanning electron microscopy (SEM) on a Hitachi SU-70 Schottky field emission gun SEM with an equipped Bruker Quantax energy dispersive X-ray detector. Energy dispersive X-ray spectroscopy (EDS) was carried out at 15 keV. The results are illustrated in Supplementary Information show the effect substitution and the homogeneous distribution of cobalt throughout the sample.
DC Magnetic Susceptibility:
Temperature dependence of magnetization was measured on a Quantum Design MPMS for a 32.5 mg of polycrystalline Co 0.03 Mg 0.97 O synthesized by sol-gel in an external DC field µ o H ext = 0.1 T. ZFC measurements were performed in 2 K steps spaced linearly from 2 K to 300 K, while FC measurements were performed in 5 K steps spaced linearly from 2 K to 170 K. For both ZFC/FC measurements. As described in the Supplementary Information, the Curie-Weiss constant was found to be consistent with pairs of Co 2+ with an exchange interaction reported by Kanamori. 16 The Curie constant was found to agree with a concentration of Co 2+ ions consistent with starting concentrations, x-ray powder diffraction, and also EDX measurements. Susceptibility measurements therefore confirm the following key experimental properties of our substituted samples: the lack of magnetic ordering; the absence of measurable clustering of Co 2+ evidenced from no measurable difference between zero-field and field-cooled sweeps; a Curie-Weiss constant consistent with a dominant 180 . The points are measured energy positions from (a). The grey line is the same relationship derived using the projection theorem in the large λ limit 19,20 . sample are presented in the supplementary information. For lower energies, measurements were made on the indirect geometry IRIS spectrometer. The final energy was fixed at 1.84 meV by PG002 analyzer crystals in near backscattering geometry. The graphite analyzers are cooled to reduce thermal diffuse scattering, providing an elastic resolution of 17.5 µeV. A combination of IRIS' long path length and its array of disc choppers, allowed us to select multiple time windows, resulting in the measured bandwidth being selectively increased to include energy transfers up to ∼ 2 meV. A top loading displex CCR was used to cool the sample to a base temperature of approximately 11 K. For all samples, identical instrumental and environmental parameters were employed on IRIS.
III. CO 2+ PAIR INTERACTIONS:
Having discussed the materials preparation and characterization, we conclude that our rocksalt MgO sample substituted with Co 2+ can be considered to be dominated by pairs of Co 2+ ions. We now discuss the neutron scattering response of an isolated pair of magnetic ions and how it can be used to extract both the interaction distance and also the energy exchange interac- (Fig. 2) showing two universal curves calculated (dashed lines) for antiferromagnetic and ferromagnetic coupling. Both the integrated intensities and the calculated behaviour of antiferromagnetic or ferromagnetically coupled pairs were normalized by IF (T ) as described in the main text. The inset is a pictorial representation of the sign of J as predicted by the GKA rules [40] [41] [42] -antiferromagnetism (left) is a result of exchange between two half-filled t2g orbitals while weaker ferromagnetism (right) is a result of exchange between a halffilled and completely filled t2g orbitals. Yellow arrows denote local t2g spin configurations and teal arrows denote total spin configurations on each Co 2+ .
tion. By considering Co 2+ pair interactions and only low energy excitations within the lowest j eff = 1 2 doublet (withĵ = βŜ), the interaction energyĤ ex between a pair of Co 2+ ions in substituted Mg 0.97 Co 0.03 O, is approximated bŷ
whereˆ j and α = 2β 2 denotes an effective total angular momentum operator with j = 1 2 and a projection factor, respectively. As summarized by Fig. 1(b) , theĤ ex describes individual j eff = 1 2 pair excitations as transitions between triplet (Γ eff = 1) and singlet (Γ eff = 0) levels separated by an energy of ∆E = αJ [43] [44] [45] . The projection factor α, in this low energy approximation, can be calculated by diagonalizingĤ S.I. +Ĥ ex withĤ MF = 0 owing to the lack of long range magnetic order in Co 0.03 Mg 0.97 O 17 . This is equivalent to the following Hamiltonian for two (labelled 1 and 2) interacting Co
By consideringl = 1 and S = 3 2 , this amounts to 144 basis states and a 144 × 144 matrix for this particular Hamiltonian in terms of the two particle basis of
m s,i denote the eigenvalues corresponding to theˆ l i ,ˆ l z,i , S i andŜ z,i operators, respectively, for the i th particle. As illustrated in Fig. 2(b) , in the limit of J λ, ∆E(J) is linear with α = 50 9 in agreement with the projection theorem of angular momentum 20, 44 . Therefore, measur-ing pair excitations with neutron spectroscopy provides a direct way to estimate the magnitude of exchange constant |J| between neighboring Co 2+ ions when this projection factor is taken into account. We note that this is independent of the sign of J and we discuss how that can be determined from the temperature dependence below.
While the excitation energy provides the magnitude |J|, the neutron spectroscopic momentum dependence can be used to extract the corresponding intra-
with |F (|Q|)| 2 the magnetic form factor. Since the modulation is solely dependent on the intra-pair distance R m , the excitation can be assigned to a particular pair and corresponding coordination shell in the F m3m structure as illustrated in Fig. 1(a) .
IV. RESULTS AND DISCUSSION:
Having discussed the theory for isolated pairs in dilute Co 0.03 Mg 0.97 O, we now present the experimental data. As illustrated by Fig. 2(a) , low temperature/incident energy inelastic neutron spectroscopic measurements on powder Co 0.03 Mg 0.97 O display a hierarchy of dispersionless excitations up to ∆E ∼ 15 meV. Based on the energy value of the excitations, we can assign an exchange constant as shown in Fig. 2(b) using the previously measured value for the spin-orbit coupling constant λ 17 for isolated Co 2+ on a rocksalt lattice. The intensities for each of the seven excitations in Fig. 2(a) exhibit a modulated |Q|-dependence, characteristic of pairwise interactions and thus distinguishing them from single-ion dispersionless crystal field excitations 43 . As shown in Figs. 3(a, b) , by fitting the intensity of each mode at different energies to Eq. 5, the different pair excitations could be assigned to relative coordination shells ranging from m=1 to m=4.
We now discuss the temperature dependence with the goal of extracting the sign of J. Antiferromagnetically coupled (J > 0) pairs of j eff = 1 2 spins consist of a singlet ground state and a triplet excited state while ferromagnetic coupling (J < 0) gives a triplet ground state and a single excited state. These two different coupling scenarios give distinct temperature dependences of the integrated intensity that scales as the thermal population difference between the ground and excited states 51, 52 , with antiferromagnetic pairs following
and ferromagnetic pairs
such that as T → 0 K, the ratio
As illustrated in Fig. 3(d) , by normalizing the temperature dependence by I F (T ), all integrated intensities fall onto either one of two universal curves describing antiferromagnetism or ferromagnetism.
All extracted values of J based on the energy, momentum, and temperature dependence discussed above are summarized in Tab. I. All coordination shells, with the exception of m = 2, display two closely spaced excitations with differing signs for the exchange constant as illustrated in Fig. 3(c) for the ∼ 5 meV excitation. This presence of dual ferro and antiferromagnetic interactions for m = 1, 3 and 4 is consistent with the GKA rules [40] [41] [42] 53 since each of these exchange pathways, consists of at least one 90 o Co 2+ -Co 2+ interaction involving the overlap of half and filled orbitals. Indeed, the GKA rules predict that the combination of the orbital degree of freedom for each Co 2+ and a lack of orbital ordering (or anisotropy) would manifest itself as either a direct antiferromagnetic t 2g 1 -t 2g 1 or a weaker ferromagnetic t 2g 1 -t 2g 2 exchange interaction. As summarized in Fig. 3(d) and Tab. I, the experimental results verify the GKA rules [40] [41] [42] 53 as the antiferromagnetic interaction is stronger than the ferromagnetic alternative for all the m = 2 excitations while the 180 o Co 2+ -O 2− -Co 2+ m = 2 coupling leads to only a strong antiferromagnetic interaction.
Having assigned the signs of the 7 exchange constants for dilute Co 0.03 Mg 0.97 O, we now provide a comparison with thermodynamic data and previously measured and calculated exchange constants for bulk CoO. The additional complication of a dual ferro and antiferromagnetic interactions for most m exchange pathways in combination to the entanglement of individual spinorbit manifolds in the presence of magnetic order provides a possible explanation for the large range of J values reported for CoO 16, 30, 31, 35, [54] [55] [56] [57] [58] . As summarized in Tab. I, the values of J show good agreement with three general trends reported by experiment 30 : (i) dominant J 2 > 0, (ii) a J 1 < 0 and (iii) a significantly smaller but non-negligible J 3 , all in broad agreement with the trends concluded from a recent GGA + U DFT calculation on CoO (though no such dual exchange was predicted) 32 . In terms of thermodynamic data, the Curie-Weiss constant is related to the exchange interactions via Θ CW = − In summary, we have disentangled the exchange and spin-orbit interactions for Co 2+ on a rocksalt lattice. Through a combined analysis of the energy, momentum, and temperature dependence, we have extracted 7 exchange constants out to four coordination shells. Both ferro and antiferromagnetic interactions are observed with the exception of second neighbor interactions through linear Co 2+ -O 2− -Co 2+ bridges, in agreement with both the GKA rules and thermodynamic data. The results demonstrate that in the case of an orbital degeneracy in the t 2g channel dual ferro and antiferromagnetic interactions occur with comparable magnitudes.
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Supplementary information is provided on sample characterization of the MgO powders weakly substituted with magnetic Co 2+ . The purpose of this characterization is to determine the Co 2+ concentration and to show the lack of observable Co 2+ clustering therefore implying a homogenous distribution of magnetic ions on the rocksalt MgO lattice in our samples. Details on the estimation of the Curie-Weiss temperature used in the main text to compare our results to pure CoO is also given.
I. DIFFRACTION
X-ray diffraction results are shown in Fig. S1 
II. SUSCEPTIBILITY
Concentration: For the purposes of consistency, the value of x was also determined via DC magnetic susceptibility. As illustrated in Fig. S1(b) , there is a distinct absence of magnetic ordering between 2 and 300 K, in contrast to CoO. The high temperature portion of the data (T =[200, 300] K) exhibits Curie-Weiss behavior with a Curie constant C and Curie-Weiss temperature θ CW of 0.105(8) emu · K/mol Mg 0.97 Co 0.03 O and −41(6) K, respectively. As established in the mean field derivation of the Curie-Weiss law, the Curie constant C must account for all Co 2+ in Co x Mg 1−x O and thus its value is directly proportional to x.
Recall that the effective paramagnetic moment is defined as
where g J is the Landé g-factor equal to 2 and S = In order to compare the expected value of µ ef f in Eq. 1 to the its experimentally determined value, one must first employ the definition of the Curie constant
It should be noted that χ in Fig. S1 (b) was normalized by moles and thus N in Eq. 2 must be set to N A . Finally, by solving for µ ef f , inserting the value of 0.105(8) emu/K mol Mg 0.97 Co 0.03 O, and utilizing the fact that only 3% of the Co 2+ sites are in fact magnetic one obtains an effective paramagnetic moment of
in agreement with the predicted value (Eq. 1) and thus confirming that approximately 3% of the Co 2+ sites contain Co 2+ . This is consistent with the starting concentration and also the values estimated from x-ray diffraction discussed above. The large estimated errorbar in the above equation results from the error in the Co 2+ concentration and also the mass of the measured sample.
Homogeneous concentration of Co 2+ : A confirmation of the prevalence of pairs over larger clusters of Co 2+ , and hence a homogeneous distribution of Co 2+ in the sample, is given the value of the experimentally determined CurieWeiss constant from DC susceptibility shown in Fig. S1 (b). It is rationalized based on probability that Co 2+ in Mg 0.97 Co 0.03 O are predominately isolated (i.e. single ions), while a smaller but significant amount of Co 2+ exhibit pairwise interactions. These pairs are coupled by J i where the index i denotes a particular coordination shell. A confirmation of the presence of pairs can be obtained from Curie-Weiss temperature which in the mean-field limit has the form,
where z i denotes the number of atoms/ions coupled to the central atom/ion with magnetic constant J i 6 . The concurrent presence of AFM and FM behavior in each coordination shell, with the exception of the second, implies that θ CW would be dominated by the second coordination shell. Before proceeding, it is worth noting that Kanamori 7 utilizing second order perturbation theory deduced that strong spin-orbit coupling in CoO substantially reduces the Curie-Weiss temperature estimated by the mean field approximation in Eq. 4. Utilizing a value of approximately 0.9 eV for the energy splitting between the 4 F and 4 P free ion states, Kanamori derived that his mean field estimate of θ CW ∼ −530 K was overestimated by a factor of 1.9 if spin-orbit coupling was neglected. Thus, by inserting the values of S = account for spin-orbit coupling yields a value of
in excellent agreement with the experimentally determined value of −41(6) K for our dilute samples shown in Fig. S1 (b) . The success in accounting for the CurieWeiss temperature implies that the cooperative magnetism of Mg 0.97 Co 0.03 O can be approximated as being attributed to Co 2+ pairwise interactions exclusively. As a concluding comment, it is worthwhile to note that the magnetic susceptibility exhibits no difference between ZFC/FC, implying an absence of glassy behavior down to 2 K. This absence of glassy behavior supports our claim that larger molecular clusters are absent since these would be expected to yield glassy behavior and thus a ZFC/FC split.
III. ENERGY DISPERSIVE X-RAY ANALYSIS:
Energy dispersive x-ray analysis results are displayed in Fig. S2 . As illustrated in the figures, the concentration of magnetic Co 2+ was measured to be 2.3 % ± 0.4 %, consistent with susceptibility and diffraction results discussed above. The inset figures to Fig. S2 also show the distribution to be uniform with no obvious clustering consistent with our susceptibility analysis above.
IV. SPECTROSCOPIC COMPARISON OF PURE AND SUBSTITUTED SAMPLES
We compare the spectroscopic response of pure CoO, MgO, and our two dilute samples prepared with solid state and solution techniques in Fig. S3 . The two different sample preparation techniques provide consistent spectroscopic results for all energy transfers measured. The results are different from those obtained in pure CoO and MgO indicative of a lack of local large clusters of Co 2+ magnetic moments. Based on this comparison, we conclude that the results presented in this paper are independent of sample preparation techniques and also that our samples do not contain local regions of magnetic clustering. 
V. TABULATED EXPERIMENTAL ENERGY POSITIONS:
In this section we list the measured experimental energy positions and the calculated coordination shell (m) along with the calculated J including the sign indicative of ferromagnetic or antiferromagnetic coupling. The results are used below for the analysis of the Curie-Weiss constant.
VI. ESTIMATION OF THE CURIE-WEISS TEMPERATURE FOR COO VIA A MEAN FIELD APPROACH:
The interpretation of the magnetic excitations illustrated in Fig. 2(a) Fig. S1 , the number of Co 2+ exhibiting each type of coupling J i as measured by inelastic neutron spectroscopy cannot be determined directly by referring to its magnetic structure.
We have assumed that the interactions in 
a value very similar to the experimental value of θ CW = −330 K 13 and in particular, T N = 291 K 12 .
